Cardiovascular disease (CVD) is the leading cause of death in the Western world. Although classical risk factors (i.e., smoking, obesity, and high blood pressure, etc.) can be indications of most coronary deaths, they cannot account for all CVD-associated deaths. For example, approximately 25% of coronary deaths in males and 15% in females occur in persons in the lowest two quintiles of the multivariate Framingham Heart Study risk scores (30) . This has led many to speculate that CVD may have an infectious etiology (5, 18, 47) .
Periodontal disease is an inflammatory condition caused by a chronic bacterial infection with specific gram-negative organisms. Recent epidemiological data strongly suggests that periodontitis is an important risk factor for coronary heart disease (CHD). In 1989 Mattila et al. reported an association between dental health and acute myocardial infarction in that they found worse dental health in patients with acute myocardial infarction than in a control population (32) . In a separate study, DeStefano et al. monitored subjects for 13 to 16 years after a baseline dental examination (11) . Of the 9,760 subjects, patients with periodontitis were found to have a 25% increased risk of CHD compared to patients with minimal or no periodontal disease. Men under 50 with periodontitis or no teeth were 70% more likely to develop CHD than men with no periodontal disease. More recently, Beck et al. evaluated periodontal disease and its variables as a risk factor for CHD and stroke (1) . Those authors found that for every 20% increase in mean bone loss (the most accurate measure of periodontitis), the incidence of total CHD increased 40%. When age and other ascribed risk factors were adjusted, patients with more than 40% bone loss were 2.7 times more likely to have fatal CHD. The biological basis for this association has not yet been elucidated. However, a possible route to the circulatory system for periodontal bacteria exists, since studies have shown a transient bacteremia resulting from chewing food, flossing, and toothbrushing in persons with periodontitis (3, 41, 42) .
Poryphyromonas gingivalis is strongly implicated as an etiologic agent of adult periodontitis, and Prevotella intermedia is also frequently cultured from sites of periodontitis (44, 45) . Previous studies have established that these organisms are capable of invading oral epithelial tissue in vitro (13, 14, 29, 40) . A recent study established that P. gingivalis was also able to invade fetal bovine heart endothelial, bovine aortic endothelial, and human umbilical vein endothelial cells (10) . Additionally, preliminary studies have begun to find periodontal pathogens, including P. gingivalis and P. intermedia, within atheromatous tissues (24) . Eikenella corrodens is also a putative periodontal pathogen and has been shown to be an etiologic agent of infective endocarditis (2, 16) .
Atherosclerosis develops due to the inflammatory response to endothelial cell injury and dysfunction and is likely a chronic process (39) . It is our hypothesis that frequent bacteremias could provide a chronic insult to the vasculature and that invasion of the cells of the arterial wall by oral bacteria could contribute to the injury that initiates and/or exacerbates atherosclerosis. Therefore, we tested the ability of these organisms to invade primary cultures of human coronary artery endothelial cells (HCAEC) and coronary artery smooth muscle cells (CASMC).
San Diego, Calif.) were maintained in microvascular endothelial growth medium-2, consisting of endothelial cell basal medium-2 supplemented with fetal bovine serum, hydrocortisone, human recombinant fibroblast growth factor, vascular endothelial growth factor, recombinant insulin growth factor-1, ascorbic acid, human recombinant epidermal growth factor, gentamicin, and amphotericin (Clonetics). The CASMC (Clonetics) were maintained in smooth muscle growth medium, consisting of smooth muscle basal medium-2 supplemented with insulin, human recombinant fibroblast growth factor, fetal bovine serum, human recombinant epidermal growth factor, gentamicin, and amphotericin (Clonetics). Cells were cultured in 75-cm 2 flasks at 37°C in a humidified atmosphere of 5% CO 2 . Both the HCAEC and CASMC were obtained cryopreserved at the third passage and were passaged an additional two or three times before use.
Invasion assay. For the invasion assays, the bacteria were grown in broth, centrifuged at low speed, and resuspended in antibiotic-free medium to a concentration of 10 7 cells/ml as determined spectrophotometrically (Shimadzu UV-1201; VWR, Marietta, Ga.). Approximately 10 5 human cells per well in a 24-well tissue culture plate were washed three times with phosphate-buffered saline (PBS) prior to incubation with 1.0 ml of the bacterial suspension at 37°C aerobically for 90 min. In order to more closely approximate in vivo conditions, the bacteria were not centrifuged onto the cells to promote intimate contact. The medium was removed from infected cells after 90 min, and the cells were washed three times with PBS. Medium containing gentamicin (300 g/ml) and metronidazole (200 g/ml) was then added to each well to kill any extracellular bacteria, and the plates were incubated for 60 min aerobically at 37°C. Finally the medium was removed, and the cells were washed three times with PBS and lysed by a 20-min incubation with 1.0 ml of sterile distilled water at 37°C under aerobic conditions. Dilutions of the lysates of cells infected with P. gingivalis, P. intermedia, and E. corrodens 23834 were plated in triplicate on tryptic soy agar (Difco) plates supplemented with 5.0% sheep blood, 0.5% yeast extract, hemin (5 g/ml), and menadione (5 g/ml). Plates of P. gingivalis and P. intermedia were cultured anaerobically, and those of E. corrodens 23834 was cultured in a humidified atmosphere containing 10% CO 2 . The dilutions of the lysates of E. coli MC1061 were cultured on Luria-Bertani plates at 37°C aerobically. CFU of invasive bacteria were then enumerated. Each assay was performed in duplicate wells and was performed independently at least three times. Viability of cells was examined by trypan blue exclusion. Controls for the antibiotic were tested by adding 10 7 bacteria to unseeded wells. Temperature dependence. KB cells were infected as described above, and the bacteria were incubated concurrently at 37 and 4°C.
Treatment with cycloheximide and cytochalasin D. The effects of cycloheximide (Sigma) and cytochalasin D (Sigma) on invasion were also investigated. Invasion assays were performed as described above with the exception of the presence of these inhibitors. Cycloheximide (1 mg/ml in ethanol) was preincubated with the human cells for 4 h prior to addition of the bacteria and was present during the assay. Cytochalasin D (5 g/ml in dimethyl sulfoxide) was preincubated with the human cells for 0.5 h before addition of the bacteria and was present during the assay. The inhibitors were tested at the appropriate concentration for adverse effects on the human cells by trypan blue exclusion and by examining the confluency of the monolayer. Cycloheximide, cytochalasin D, dimethyl sulfoxide, and ethanol were tested for possible toxicity to the bacteria by viable counting.
Transmission electron microscopy. Following 90 min of incubation of eukaryotic cells with bacteria, the cells were washed two times with PBS, fixed in 2% PBS-buffered glutaraldehyde at room temperature for 1 h, centrifuged, and washed with PBS (pH 7.3). Three drops of 3% low-gelling agarose were then added to the pellet and allowed to solidify at 4°C for 10 min. The agaroseembedded pellet was then washed twice for 10 min in PBS, incubated in 1% osmium tetroxide for 1 h, and washed three times in distilled H 2 O. The washed cell pellets were dehydrated in a graded series of ethanol solutions and stained overnight en bloc with 2% uranyl acetate. Finally, the pellets were infiltrated and embedded in EM Bed-812 (Electron Microscopy Sciences, Ft. Washington, Pa.). Thin sections were cut, poststained with uranyl acetate and lead citrate, and examined in a Hitachi 7000 transmission electron microscope.
SEM.
For scanning electron microscopy (SEM) analysis, HCAEC were incubated without bacteria and with P. gingivalis 381 for 15, 30, and 45 min. Following the infection, the cells were washed two times with PBS and fixed in 2% PBSbuffered glutaraldehyde for 30 min. After fixation, the cells were dipped in PBS, washed for 5 min in fresh PBS, and then incubated in 4% osmium tetroxide for 5 min. Following postfixation, the cells were dipped in distilled water, washed for 5 min in fresh distilled water, and then dehydrated in a graded series of ethanol solutions (50, 70, 95, 100, and 100%) for 5 min each. After dehydration, the cells were incubated twice for 5 min in hexamethyldisilizane (Sigma) and air dried for 30 min before being mounted and sputter coated with gold. The samples were then viewed with a Hitachi S-4000 field emission scanning electron microscope. Digital prints were produced with a SemAges digital imaging acquisition system (Advanced Database Systems, Boulder, Colo.).
The effect of cycloheximide preincubation was also analyzed by SEM. HCAEC were preincubated with 1 mg of cycloheximide per ml for 4 h. Following the preincubation, the HCAEC were infected for 15 min with P. gingivalis 381, after which they were washed two times with PBS and fixed in 2% PBS-buffered glutaraldehyde. These cells were then processed for SEM in the same manner as for the aforementioned samples.
RESULTS
In vitro invasion assay. For bacterial invasion studies, primary cultures of HCAEC and CASMC were infected with the aforementioned periodontal pathogens, and invasion was quantitated by the standard antibiotic protection assay as modified for these organisms (28) . The results show that certain strains of these periodontal pathogens do invade both HCAEC and CASMC (Table 1) . Interestingly, the bacteria varied in their ability to invade, even among different strains of the same species. For example, P. gingivalis 381 was able to invade by 1 to 2 orders of magnitude more than P. gingivalis W50. P. intermedia 17 was found to be invasive, whereas P. intermedia 25611 was not able to invade under the same conditions. Thus, under the conditions used here, certain strains of P. gingivalis and P. intermedia were able to invade coronary artery cells.
E. corrodens 23834 showed a minimal ability to invade, since the number of CFU recovered per milliliter of lysate was greater than that for the negative bacterial control, E. coli MC1061, and the antibiotic control (data not shown), but the number of CFU was not of the same magnitude as that of the other species. Even increasing the number of E. corrodens 23834 organisms by 10-fold resulted in only 3.2 times greater CFU. Therefore, it is possible that certain cells phagocytosed the E. corrodens, as opposed to an active invasion by this bacterial species.
Effects of inhibitors. The effects of temperature and metabolic inhibitors on bacterial invasion were investigated to elucidate possible mechanisms of invasion (Tables 2 and 3 ). Performing the incubation portion of the invasion assay at 4°C instead of 37°C produced a large reduction in the number of CFU in all cases except for E. corrodens 23834. This is further evidence that E. corrodens 23834 did not actively invade the c Cycloheximide (1 mg/ml) was preincubated with HCAEC for 4 h and was present during the assay.
d Cytochalasin D (5 g/ml) was preincubated with HCAEC for 0.5 h and was present during the assay. cell lines, since metabolism nearly stops at 4°C. Additionally, the cell membranes lose their fluidity at 4°C, making invasion nearly impossible.
A common strategy among invasive bacteria is to trigger the host cell to undergo cytoskeletal rearrangements mediated by actin polymerization (19) . Cytochalasin D, an actin polymerization inhibitor, also significantly reduced invasion in all cases. These data indicate that actin polymerization of the cytoskeleton in a metabolically active cell is needed for invasion by these bacteria. Cytochalasin D has been shown to inhibit a majority of invasive bacteria (4, 20, 21, 28, 35) .
Cycloheximide, a eukaryotic protein synthesis inhibitor, also reduced the CFU recovered at 2.5 h postinfection, presumably because it prevents coronary artery cell synthesis of the proteins required during attachment and/or invasion. This data differs from that of a previous study, which reported that using 10-fold less cycloheximide than that used here did not inhibit invasion of gingival epithelial cells by P. gingivalis 33277 (28) .
Transmission electron microscopy. Electron microscopy of infected cells also showed evidence of invasion ( Fig. 1 and 2 ). As demonstrated in Fig. 1A to C, numerous P. gingivalis and P. intermedia organisms were evident intracellularly. Most extracellular bacteria, especially in the case of P. gingivalis, appear to be concentrated at certain spots along the cellular membrane, while the rest of the membrane remained relatively free of bacteria (Fig. 1A) . This could be due to bacterial aggregation and subsequent attachment and/or invasion by the aggregate as a whole. It could also indicate the presence of cellular receptors that are expressed only at certain areas on the surfaces of the cellular membrane. In several of the micrographs, bacteria can be seen dividing within the coronary artery cell ( Fig. 1C and E) . This indicates that the bacteria are metabolically active during invasion and may be able to persist in the coronary artery cells for at least short periods of time.
The transmission electron micrographs also showed several interesting cellular features. Many of the micrographs showed a concentration of rough endoplasmic reticulum around internalized P. gingivalis (Fig. 2A) . The internalized P. gingivalis organisms appear to be in thin membranous vacuoles, which also appeared to include cytoplasmic ground substance, surrounded by ribosomes (an association with the rough endoplasmic reticulum), indicating residence within autophagosomes (15) . These bacteria thus might exploit the cell's autophagic mechanism to establish a favorable intracellular niche, similar to Legionella pneumophila in macrophages and Brucella abortus in nonphagocytic cells (36, 46) .
The transmission electron microscopy study of infection of approximately 10 5 HCAEC by 10 10 E. corrodens 23834 cells demonstrated that the majority of HCAEC did not contain any internalized bacteria. This would support the hypothesis that E. corrodens 23834 did not invade either cell line or was able to invade only a small subset of the cell population under these conditions. The HCAEC that did internalize E. corrodens 23834 contained multiple bacterial cells within the cytoplasm which appeared to be in large vacuoles (Fig. 1D) , which is not the case with P. gingivalis and P. intermedia invasion (Fig. 1A to  C and 2A and B) .
SEM. The SEMs revealed that the HCAEC monolayer was strikingly uniform, such that it was difficult to differentiate the borders between cells. The HCAEC surface surrounding the aggregate in Fig. 3B was representative of the monolayer at 15 min of infection and the monolayer with no bacteria added (Fig. 3A) .
The SEMs also demonstrated an interaction between aggregates of P. gingivalis 381 and the HCAEC monolayer. After 15 min of infection, aggregates of P. gingivalis 381 could be seen attached to the HCAEC monolayer (Fig. 3B) . This attachment appeared to be mediated by an endothelial cell-derived structure. Therefore, cycloheximide-treated HCAEC were also analyzed by SEM. Structures as seen in Fig. 3B were not visible with any P. gingivalis 381 organisms associated with cycloheximide-treated cells. When P. gingivalis 381 could be seen attached to cycloheximide-treated HCAEC, it appeared that the attachment structure was either absent or greatly reduced in size compared with untreated HCAEC (Fig. 3C) . Additionally, the protein heads on the surface of the HCAEC (Fig. 3A and  B) were not nearly as abundant on the cycloheximide-treated cells. This data suggests that cycloheximide inhibits the specific attachment by P. gingivalis 381 to the monolayer by preventing the synthesis of a host-derived structure, thereby hindering the initial step in invasion.
By 30 min of infection of untreated HCAEC, gross distortions in the monolayer could be observed in conjunction with aggregates of P. gingivalis 381 (Fig. 3D and E) , whereas individual bacteria observed along the monolayer did not produce any visible effects on the HCAEC (data not shown). The distortions of the cell monolayer included extensions of the cells stretching to engulf the invading bacteria (Fig. 3D) . In addition, many individual cells could be seen tearing away, thus disrupting the HCAEC monolayer ( Fig. 3D and E) . We considered the possibility that the distortions of the monolayer were artifacts produced by the fixation process. However, the distortions were not seen at 15 min of infection or in uninfected cells. Additionally, the distortions occurred only in regions where aggregates of P. gingivalis 381 were present.
After 45 min of infection, the HCAEC monolayer had severe tears all along the monolayer with and without the presence of P. gingivalis 381 (Fig. 3F ). There was a significant difference in the integrity of the monolayer in HCAEC infected for 45 and 15 min.
DISCUSSION
Invasion of the endothelial and smooth muscle cells of the arterial wall by bacterial pathogens could initiate and/or exacerbate the inflammatory response of atherosclerosis. A strong association between CHD and Chlamydia pneumoniae, a gramnegative respiratory pathogen, has also been reported (6, 27) . At the molecular level, C. pneumoniae has been shown to infect and to replicate in endothelial cells, smooth muscle cells, and macrophages in vitro (23, 26) . Whereas C. pneumoniae needs to be transported from the lung to the arteries via macrophages, oral organisms are introduced into the bloodstream multiple times daily in individuals with periodontitis via chewing and toothbrushing. Therefore, the oral cavity represents a b P. intermedia 25611 was not included, since there was no invasion to inhibit. c Cycloheximide (1 mg/ml) was preincubated with CASMC for 4 h and was present during the assay.
d Cytochalasin D (5 g/ml) was preincubated with CASMC for 0.5 h and was present during the assay.
potentially large reservoir of gram-negative pathogenic organisms that could interact with cardiovascular tissues.
Heart disease is the most common systemic pathology in patients with periodontal disease (34) . Atherosclerosis, like periodontal disease, is mediated by the inflammatory process. Severe inflammation of the coronary arteries could even lead to acute myocardial infarction (MI). Bacteria may have a role in this process by chronically stimulating cytokines such as interleukin-1, tumor necrosis factor alpha, and/or C-reactive protein (CRP), an acute-phase reactant (47) . Curiously, significantly elevated levels of CRP have been found in patients suffering from MI and periodontal disease, and these elevated CRP levels may be predictive of the first MI (8, 17, 37) . Early in atherogenesis of the response-to-injury hypothesis of atherosclerosis, there is increased adherence of leukocytes (38) . The T cells within atherosclerotic lesions are activated T cells, which suggests specific antigenic stimulation (31) . If our hypothesis is true, this adherence of activated leukocytes may be the cell-mediated response to an intracellular pathogen. The differences in the abilities of species and strains to invade indicate that invasion depends on specific bacteriumcell interactions and does not occur with all oral bacteria. Certain strains of bacteria likely possess adhesins and/or other characteristics that promote internalization by the coronary artery cells. The data presented here indicate that P. gingivalis 381 has one or more characteristics that would differentiate it from P. gingivalis W50 and P. intermedia 17, since it invades HCAEC and CASMC more readily. P. gingivalis W50 has a lower ability to adhere to oral epithelial cells (14) . This decrease in invasion of HCAEC may thus be due to a lower percentage of strain W50 binding to the cell surface. The ability of P. gingivalis W50 to invade HCAEC and CASMC as reported here is greater than its ability to invade KB cells and an immortalized human umbilical vein endothelial cell line (12) . These strains can also be differentiated from P. intermedia 25611 in that strain 25611 was not able to invade at any level.
After bacterial invasion, the induction of autophagy by the host cell increases the pool of free amino acids. The autophagy exhibited by the HCAEC and CASMC could be a mechanism that is induced and exploited by the bacteria. The bacteria may induce autophagy to use the amino acids for their own metabolism or to inhibit host protein synthesis in order to increase survivability (43) . A pool of free amino acids could be especially beneficial for P. gingivalis, which requires short peptides for carbon and energy (48) . Further studies have been initiated to conclusively determine if P. gingivalis is localized within autophagosomes and, if so, to investigate the role of autophagy in the P. gingivalis intracellular parasitism of HCAEC. Preliminary studies indicate that P. gingivalis trafficks to autophagosomes following invasion in HCAEC (unpublished data).
The SEMs demonstrate that P. gingivalis first attaches via a host cell-derived structure. Further time points of the SEMs demonstrate a severe disruption of the endothelial monolayer after infection with P. gingivalis 381. A disruption of the endothelial layer such as that observed in the SEMs could constitute the insult to start the atherosclerotic process. Interestingly, the disruptions were observed to occur only in association with aggregates of P. gingivalis 381 and not in association with a single bacterium. The SEMs of the engulfment of the aggregates appear to be similar to those of invasomes of Bartonella henslae (9) . However, the transmission electron micrographs do not show the same host cell morphology during engulfment of P. gingivalis 381 as seen with the engulfment of aggregates of B. henslae. Invasion of HCAEC by aggregates of P. gingivalis may be clinically relevant, since dental plaque is a host-associated microbial biofilm (7) . Most likely, aggregates of P. gingivalis in addition to other periodontal pathogens, including P. intermedia, would be introduced to the bloodstream after mild traumas.
In summary, this study demonstrates that certain pathogenic periodontal bacterial strains invade human coronary artery cells in vitro. Bacterial invasion could constitute a chronic insult to the arterial wall. These findings raise the possibility that a chronic in vivo infection of the coronary artery wall by pathogens such as P. gingivalis and P. intermedia could be a factor in CHD. Many studies have thus far shown an association between periodontal disease and CHD (1, 11, 22, 32, 33) , whereas only one study has shown no relationship (25) . Whether this association is a causal relationship or a "bystander effect" has yet to be determined. This is the first of a series of studies to determine whether a molecular link between the two diseases is possible.
